The conductivity and photoconductivity of the p-type semiconductor rr-P3HT was studied under light-matter strong coupling. The vacuum Rabi splitting with surface plasmon modes is ca. 1.2 eV corresponding to 54% of the transition energy. In this ultra-strong coupling regime, the conductivity is enhanced even for such p-type semiconductor demonstrating that ultra-strong coupling can modify the transport properties of the valence band. This effect is most easily explained by the finite photonic content of the polariton ground state under such extreme coupling conditions. Furthermore, the photoconductivity of rr-P3HT is also enhanced and show broadened spectral responses due to the formation of the hybrid polaritonic states. This is the first example of enhanced conductivity and photoconductivity for a p-type semiconductor under strong coupling. This illustrates yet again the potential of engineering the vacuum electromagnetic environment to improve the opto-electronic properties of materials.
interest in this topic. For instance, it has been shown that charge transport can be enhanced by an order of magnitude in n-type semiconductors such as the perylene di-imide family of compounds and that the rate of energy transfer can be boosted, leading to nearly unit transfer efficiency. [15] [16] [17] [18] [19] [20] [21] [22] Furthermore, energy transfer can even be achieved over distances well beyond what is expected from Förster theory. [21, 22] These improved transport properties are the resultant of the delocalised character of the electronic excited state acquired through strong coupling.
However, the role of hybrid light-matter states on the transport characteristics of p-type semiconductors, where valence band holes are the majority carriers are not yet understood, although it is also potentially important for organic electronics. [36] [37] [38] [39] [40] [41] Interestingly, theory predicts that when excitons are coupled to a confined optical mode and one reaches the ultrastrong coupling regime, the ground state shifts to lower energies due to the large splitting of the first excited state and it acquires polaritonic character. [42] Such ground state shift has been confirmed experimentally. [43, 44] The modification of magneto-transport properties, with a reduction in resistance, has recently been reported for ultra-strongly coupled 2D electron gas. [45] The fundamental question we explore here is whether the polaritonic character of the ground state leads to enhanced conductivity in p-type semiconductors since the valence band is modified.
Photoconductivity of organic materials could also benefit from the enhanced transport properties and the modified spectral response induced by the Rabi-splitting under strong coupling ( Figure 1a ). Since photoconductivity plays a fundamental role in many technological applications such as photodetectors, electrostatic imaging and photovoltaics, [46] [47] [48] [49] [50] [51] [52] we explore whether the photoconductivity can also be improved under strong coupling regime, another aspect that have not been addressed so far. For that purpose, we have studied a well-known ptype semiconductor, the regio-regular poly-(3-hexylthiophene) rr-P3HT whose structure is shown in Figure 1b and which was synthesized in our labs as described in the Methods section.
Light-matter strong coupling is achieved by placing a material with a well-defined transition in a resonant confined electromagnetic field such as a surface plasmon or a Fabry-Perot cavity mode. Under the right conditions, this strong interaction leads to the formation of two new hybrid light-matter states, known as polaritonic states P + and P -, separated in energy by the Rabi-splitting ℏΩ as illustrated in Figure 1a . In the absence of dissipation ℏΩ is given by the following equation:1
where 0 is the permittivity of free space, the volume of the confined mode, d the transition dipole moment of the material and ℎ is the number of photons in the system. It can be immediately seen from equation (1) that the strong coupling can occur even when ℎ goes to zero, implying that even in the dark the Rabi splitting has a finite value. This is due to the coupling with the zero-point fluctuations of the electromagnetic mode (i.e. the vacuum field).
Furthermore it can be shown that the Rabi-splitting is enhanced by placing a large number N of oscillators or molecules in the confined field of a single mode. In this ensemble coupling where ℏΩ ∝ √ , there are large number of possible combinations resulting in the formation of dark states (DS) along with the bright P + and Pstates ( Figure 1a ). Besides the formation of polaritonic states in the excitation spectrum of strongly coupled systems, the ground state can also be affected for large enough coupling strength through anti-resonant coupling to the double excitation manifold (equation (1) was derived in the rotating-wave approximation). As discussed above, a detailed analysis of this ultra-strong coupling regime [42] predicts a ground state shift that increases with increasing Rabi-splitting in agreement with more recent experiments. [43, 44] The conductivity and the photoconductivity of the rr-P3HT were studied on Ag nanohole arrays between drain and source electrodes, using the same approach as in ref. 15 . Ag was chosen for its capacity to sustain low-loss surface plasmon modes in the wavelength range of interest while still providing good injection capacity for the electrical measurements. [15, 37] As detailed in the Experimental section, the hexagonal hole arrays were milled with a Zeiss Auriga dual beam FIB/SEM and the period p of the holes were varied in such a way that the plasmonic resonances are in the same range as the first absorption bands of the semiconductors (see Figure   1c ). The compound was spin-coated on the hole arrays (ca. 85 nm thick films) and first, the strong coupling regime was verified by measuring their transmission spectra and comparing them with the bare hole arrays ( Figure 1d ). The Rabi splitting are estimated to be ca. 1.2 eV for rr-P3HT corresponding to 54% of the transition energy as explained in the Supporting Information. Such large Rabi-splitting indicate that the system is in the ultra-strong coupling regime where all the states of the system are modified with significant consequences as we will discuss further down. It should be noted that it is hard to estimate the Rabi splitting from the spectra of hole arrays due to overlapping surface plasmon modes, as discussed elsewhere. [9] We therefore double checked the splitting induced for the same films coupled to the first mode of Fabry-Perot cavities (see Supporting Information, Figure S1 ) which are known to give roughly the same values. [9] Note that the dispersion curves in the ultra-strong regime are very flat due to the emergence of a polaritonic band gap in the resonance region as reported and discussed in detail in ref. 53 .
We then measured the I-V (current-voltage) curves of the various samples as a function of the hole period over a small voltage range (-0.5 to 0.5 V) shown in Figure 2 the current varies when the system goes in and out of strong coupling. Interestingly, the photoconductivity benefits from the enhanced conductivity in the same way as the dark current does under strong coupling. When compared to the conductivity on a flat metal surface, the enhancement is a factor of 8 for the dark current and 6 for the photocurrent. These enhancements are slightly smaller than those observed for n-type perylene di-imide semiconductor in our earlier study which most likely relates to the level of order in the organic film which plays an important role as we demonstrated earlier. [15] It should be noted that oxygen can modify the conductivity of rr-P3HT compounds. However we checked that the results for our coated samples were the same within experimental error under nitrogen atmosphere. It was also verified that the observed boosts in current where not due to artifacts such as the cuts that are made in the hole arrays. First of all, we have tested various different organic semiconductors and nevertheless the enhanced conductivity, if it occurs, is always at strong coupling although this happens for different periods. Secondly, as shown in the SEM image of the array after the cutting ( Figure S3 ), the edged is smoothed by the FIB. Thirdly, we always test a random hole array which has no pronounced mode and it displays no enhancement (see Figure S4 ). Finally, the flat metal film is electrically floating and with the Shottky barrier at the interface with the semiconductor, it does not contribute to the conductivity. This is the first example of enhanced conductivity for a p-type semiconductor under strong coupling which indicates that the charge carrying valence band is also affected by the formation of polaritonic states. As mentioned earlier, the system is in the ultra-strong coupling regime under the collective coupling conditions where counter-rotating terms and depolarization shifts cannot be neglected, leading to major changes in all the other eigenstates through configuration interaction. This leads to a finite admixture of virtual photons in the ground-state of the system, in our case the ground state where hole transport occurs. [42, 54, 55] With the method described in the Supporting Information, we estimate this photonic content to be on the order of 1% for the ground state or valence band of rr-P3HT. In other words, the ground state is then further delocalized by the polaritonic character induced by the ultra-strong coupling. This is the most likely explanation of the enhanced conductivity as compared to the bare p-type polymer. It may appear surprising that such a low photonic fraction in the ground state can affect to such an extent the conductivity of the material. One should however be cautious in comparing the ground state photonic fraction to the excited state photonic fraction quoted in our previous work on n-type semiconductors. [15] Indeed, the competing energy pathways and dynamics are much different in those two cases and this fact does not allow for a simple proportionality argument. In particular, we cannot assume that the effect of 1% photonic content in the ground state for p-type transport would be smaller than the effect of 50% photonic fraction in the excited state for a n-type charge carrier. It should also be noted that the ground state photonic fraction reached in our system compares with that obtained in state-of-the-art experiments carried on different ultra-strong coupling platforms. [45, [54] [55] [56] [57] Although the system is very different, modifications of the magneto-transport measurements in a 2D electron gas coupled to a THz resonator was recently reported, another demonstration of the impact of ultrastrong coupling on the ground-state properties of the host material. [45] We now turn to the photoconductivity measurements. Figure 3 illumination. However the dependence on the number of photons has only been derived in the limit of a single absorber and no effect of the illumination has ever been reported for collective coupling as in these experiments. The quantum yield for the photogeneration of charge carriers is estimated to be ca. 5 x 10 -3 for rr-P3HT (520 nm illumination). The spectral response of the photocurrent was also studied using a tunable pulsed laser source (NKT laser) under strong coupling conditions and compared to that of the bare film. The ratio of the current for these two conditions is shown in Figure 3 (b) and reveals enhanced photocurrent at longer wavelengths than the absorbance peak of the bare rr-P3HT with a maximum around 620 nm. This corresponds to the P-peak. Since the spectral enhancement at long wavelengths is due to the Rabi splitting, a similar enhancement is expected to be seen at shorter wavelength corresponding to the P+ transition but our tunable laser system cannot reach the corresponding wavelengths.
For purposes of comparison, we also studied the photoconductivity of a perylene diimide (PDI) n-type semiconductor under strong coupling. We already shown that this class of compounds gives rise the enhanced conductivity in ref. 15 . The compound is a slightly different derivative whose structure is shown in the Supporting Information. Figure 4 summarizes the results. Comparing panels (a) and (b), we observe that the photoconductivity of PDI is also enhanced upon ultra-strong coupling (Rabi splitting is 34% of transition energy, see Supporting
Information) since two current peaks appear at the crossing of the PDI film absorbance peak and the plasmonic modes. Figure 4 (c) shows the linear dependence of the current with illumination power and Figure 4 (d) shows that just as for rr-P3HT, the spectral response is enhanced where P-absorbs.
In conclusion, using a p-type organic semiconductor, we have demonstrated for the first time that hole transport in the ground state can also be enhanced by strong coupling. This is in turn a direct evidence of the polaritonic character of the valence band. We have also shown that the photoconductivity, like conductivity, can be boosted by the formation of extended polaritonic states and in addition their spectral response can be extended and tailored by the coupling strength. This works for both nand p-type semiconductors. This proof-of-principle study opens the door for more detailed analysis of photoconductivity by time resolved pumpprobe techniques which will provide insight into the dynamics of charge carriers in the strong and ultra-strong coupling regimes. Strong coupling is easy to implement in a variety of configurations. We therefore expect that such results will find applications in devices where photoconductivity plays a role, in particular in photovoltaics and photodetectors. More broadly speaking, taken together with other investigations, it shows the potential of engineering the electromagnetic vacuum environment for material science and devices.
Experimental Section

Synthesis of materials:
Regioregular poly(3-hexylthiophene), rr-P3HT was synthesized and purified as reported earlier. [58] Two-terminal device with nanohole arrays for photoconductivity measurements.
All the 2-terminal electrodes were realized on a glass substrate BK7 (25×25 mm) after standard cleaning procedures with Hellmanex™ III solution (Sigma Aldrich; 1.0% solution in milliQ water) in a 35 kHz sonication bath, then rinsed with water and sonicated for 1 h in (spectroscopically pure) ethanol. The glass substrates were then dried in an oven covered with Aluminium foil. Ag electrodes (100 nm) were fabricated using a metallic cross mask containing 12 fingers (approx. 50 µm width) in an electron beam evaporator (Plassys ME 300) at optimized working pressure (∼10 -6 mbar) and deposition rates (∼2 nm s -1 ). Plasmonic hole arrays were generated by the NPVE software program and milled using a Carl Zeiss Auriga FIB system. 
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. Spectral response under ultra-strong coupling (red dots, P=500 nm)) as a function of excitation wavelength, the enhancement factor is the ratio of the photocurrent divided by the corresponding photocurrent of an uncoupled rr-P3HT film. A tunable pulsed laser with a 10 nm bandpass was used for this study. The peak at 620 nm corresponds to the P-peak. The blue curve gives the absorbance spectrum of the bare rr-P3HT film. The black lines are guides to the eye. under ultra-strong coupling (red dots, P=440 nm) as a function of excitation wavelength, the enhancement factor is the ratio of the photocurrent divided by the corresponding photocurrent of an uncoupled PDI film. A tunable pulsed laser with a 10 nm bandpass was used for this study. The broad peak between 600 and 650 nm corresponds to the P-peak. The blue curve gives the absorbance spectrum of the bare PDI film. The black lines are guides to the eye.
